1. Introduction {#s0005}
===============

Porcine epidemic diarrhea (PED) is a devastating enteric disease in pigs, characterized by vomiting and acute watery diarrhea leading to death due to severe dehydration. Pigs at all ages are susceptible to PED infection, but mortality is higher in younger pigs, especially in piglets at younger than a week of age. Since its first recognition in the late 1970s ([@bb0020], [@bb0145]), PED has continued to cause a severe economic impact in swine industry worldwide. At present, PED has been reported as re-emerging disease worldwide ([@bb0025], [@bb0045], [@bb0100], [@bb0110], [@bb0125], [@bb0130], [@bb0190], [@bb0195]).

PED virus (PEDV), a causative agent of PED, is an enveloped single-stranded positive-sense RNA virus belonging to the genus *Alphacoronavirus*, family *Coronaviridae*, order *Nidovirales*. At present, two PEDV variants including genogroups 1 and 2 are currently recognized ([@bb0090], [@bb0175]). The PEDV genome is consisting of seven open reading frames (ORFs) organizing in order as following; ORF1a and ORF1b, spike (S), ORF3, envelope (E), membrane (M), and nucleoprotein (N) ([@bb0085]). Two-thirds of the genome is occupied by ORF1a and ORF1b, which encode nonstructural proteins. The other 4 structural proteins including S, E, M, and N are located downstream of the ORF1a/1b gene. The S protein is a glycosylated protein involving with viral pathogenesis and be further divided into S1 and S2 domains. The S protein attaches to the host cellular receptors resulting to virus entry by membrane fusion ([@bb0010]) and contains domain that stimulates the production of neutralizing antibodies ([@bb0015], [@bb0035], [@bb0040], [@bb0075], [@bb0165], [@bb0160]). The S gene is divergent and important for understanding the genetic relatedness of PEDV field strains, the epidemiological status of the virus and vaccine development ([@bb0105], [@bb0140], [@bb0170]). ORF3 encodes an accessory protein located between S and E. In addition, the ORF3 gene is the only accessory gene, and has been an important determinant of virulence in PEDV ([@bb0135]). The vaccine-derived strains have unique deletion of 17 amino acids at position 82 to 99 ([@bb0135]). The other E and M genes are associated with viral envelope formation and release. The N protein is the predominant antigen produced in coronavirus-infected cells, making it a major viral target ([@bb0085]).

In Thailand, PED was first emerged in 2007 and the variant responsible for the outbreaks was of genogroup 2 ([@bb0185]). At present, PED has developed into an endemic stage in which many herds experience recurrent outbreaks and both PEDV genogroups 1 and 2 are currently existing in the population ([@bb0030]). In 2014--2015, several herds reported the severe diarrhea outbreaks. Whether or not the novel introduction or continual development of PEDV in Thai swine farms causing the outbreak is not known and the information on PEDV evolutionary dynamics in Thailand has been deficiency.

Since increasing of computer performance and development of graphic user interface of BEAST format support software, BEAST packages become fast, flexible and reliable tools for molecular sequences analysis based on Bayesian framework ([@bb0050]). Our study was aimed to investigate the genetic diversity of PEDV clinical samples and determine the evolutionary rate of PEDV in Thailand. The genetic analysis was based on the complete spike gene of Thai PEDV collected from 2008 to 2015 along with that of reference sequences from other countries provided in GenBank®. The combination of the sequences with time of isolation analyzing with BEAST can provide us the estimated time of divergences and the evolutionary rate of suspected group of population. The results would provide us the information on the evolutionary dynamics of the viruses in Thailand.

2. Materials and methods {#s0010}
========================

2.1. Source of specimens and PEDV isolation {#s0015}
-------------------------------------------

A total of 117 Thai PEDV spike gene sequences including 99 PEDV clinical samples that were genetically characterized during 2014--2015 together with 18 Thai sequences previously reported ([@bb0185]) ([Table S1](#ec0020){ref-type="supplementary-material"}) were used in the genetic analyses. The 115 PEDV sequences were collected from 24 pig farms located in Ratchaburi, Nakhon Pathom, Saraburi, Lopburi, Nakhon Ratchasima, Buriram, Chonburi, Chanthaburi and ChaCherngsao from 2008 to 2015 that experienced PED outbreaks (55 outbreaks) whereas another 2 sequences are not the field strains, the AVCT12 (LC053455) and a vaccine strain sequence from the vaccine using in the farm that experienced the outbreak of EAS (KR610991). In each outbreak, intestinal samples were collected from 3- to 4-day-old piglets that displayed the clinical features associated with PED, including vomiting and watery diarrhea. Intestinal samples were minced into small pieces and suspended in PBS and clarified by centrifugation. The supernatant was filtered through 0.22 μm filters and stored at − 80 °C until use. The clarified supernatants were subjected to RT-PCR.

2.2. Cloning, plasmid purification and sequence determination {#s0020}
-------------------------------------------------------------

Sequencing was performed as previously reported ([@bb0185]). Briefly, total RNA was extracted from the supernatant using the Nucleospin®RNA Virus kit (Macherey-Nagel Inc., PA, USA) in accordance with the manufacturer\'s instructions. cDNA was synthesized from the extracted RNA using M-MuLV Reverse Transcriptase (New England BioLabs Inc., MA, USA).

PCR amplification was performed on the cDNA. To amplify the complete S genes, PCR amplification was performed using previously reported primers ([@bb0095]) and using Platinum® *Tag* DNA polymerase High Fidelity (Invitrogen, CA, USA). The PCR products were cloned into plasmid vectors for the subsequent transformation of *Escherichia coli* cells by using a commercial kit (pGEM-T® Easy Vector System I (Promega, WI, USA), and the controls were included at all stages of cloning and transformation. Bacterial transformant colonies were growth in Luria Broth (LB) agar for 18 h and randomly selected from each sample for plasmid purification using the Nucleospin® Plasmid kit (Macherey-Nagel Inc., PA, USA), and the 10 selected colonies were grown in LB broth for 24 h and subjected to plasmid isolation and sequencing. Sequencing reactions were performed by third party (1st BASE DNA Sequencing Services, Singapore).

2.3. Sequence analyses {#s0025}
----------------------

### 2.3.1. Phylogenetic analysis {#s0030}

The nucleotide and deduced amino acid sequences were aligned using the software, MAFFT (Multiple Alignment using Fast Fourier Transform) ([@bb0080]). A phylogenetic analysis was performed based on the nucleotide sequences of complete spike genes of 117 Thai PEDV spike sequences collected from 2008 to 2015 along with 94 other PEDV spike sequences available in GenBank® ([Table S1](#ec0020){ref-type="supplementary-material"}) from previous study ([@bb0090]) using the MEGA6.0 program ([@bb0180]). A phylogenetic tree was constructed using Bayesian Markov chain Monte Carlo (BMCMC) with best-fit substitution model, TN93 + G + I and base frequency was set as empirical, all other settings were left as default. The analysis was performed until ESS \> 200, the genogroup described in other study ([@bb0090]) was used to classify and compare with the sequences in this study.

### 2.3.2. Evolutionary analysis {#s0035}

The evolutionary analysis of 115 Thai PEDV spike sequences except of those two which not the field strains as described in previous part were performed analysis in comparison 99 US PEDV spike sequences ([Table S2](#ec0025){ref-type="supplementary-material"}) using a BMCMC method implemented in the program BEAST v1.8.3 ([@bb0050], [@bb0070]). The best fitted evolutionary model GTR + G + I was determined by maximum likelihood model selection function of MEGA 6.0 ([@bb0180]) and was used in all BEAST analyses. The coalescent Bayesian skyline tree prior ([@bb0055], [@bb0060]) and empirical base frequencies were applied under three different models for rate variation among branches: the strict molecular clock model (STR), the uncorrelated lognormal relaxed-clock model (LOG), and the uncorrelated exponential relaxed-clock model (EXP) ([@bb0065]). For each analysis, 200 million states were applied at least with logged every 10,000 states, the states must be increased in order to gain ESS \> 200. If there was another independent run, the log and tree data will be combined with the first 10% discarded as burn-in using LogCombinerv1.8.3, and, the resulting files were displayed using Tracer 1.6.0 ([@bb0150]). Maximum clade credibility trees were annotated using TreeAnnotator 1.8.3 and phylogenetic tree with timeline, estimated divergences, posterior probability and 95% HPD displays were generated using FigTree 1.4.2 ([@bb0155]).

### 2.3.3. Phylogeographic distribution {#s0040}

Phylogeographic distribution of the endemic subgroup was also estimated using BEAST 1.8.4 under TN93 + G + I substitute model. 600 million with logged 10,000 states was performed at least for subgroup TH1 and TH2. All other settings were performed as described in previous part. The results were converted and displayed in GoogleEarth ([@bb0115]) using SPREAD 1.0.7 ([@bb0005]). The sequences which have 100% identity from the same location and time of the outbreak were excluded.

### 2.3.4. Recombinant analysis {#s0045}

Recombination events among the sequences (n = 117) were analyzed using automated RDP, GENECONV, BOOTSCAN, MaxChi, CHIMAERA, and SISCAN provided by RDP4 software ([@bb0120]). The evidence events with known potential parents and recombinants were displayed.

3. Results {#s0050}
==========

3.1. Phylogenetic and genetic analyses {#s0055}
--------------------------------------

All PEDV samples were grouped based on spike gene sequence data using clades previously reported ([@bb0090]) in which PEDV evolved into 2 separated clades including G1 and G2. Each clades was further divided into 2 subclades including subclades G1a, G1b, G2a and G2b. Subclade G1a included mainly the first period of PEDV found in Belgium, UK, (CV777, CH/S, Br1/87) and attenuated strains of vaccine from China and Korea. Subclade G1b included mostly the strains of China together with Korea, USA and Europe strains that were reported during 2014--2015. G2 was further evolved into G2a and G2b. G2a included strains from China, Korea and Thailand. G2b included mainly PEDV strains from US, and from countries which reported the detection of US-like PEDV.

Thai PEDV are classified into 6 subgroups including TH1--TH6 ([Fig. 1](#f0005){ref-type="fig"} ). Based on spike gene identity and the clades previously described ([@bb0090]), most of Thai sequences belong to G2a clade. Among these 6 subgroups, the genetic differences are \> 3% between subgroups, we therefore classified 3 subgroups of Thai PEDV to G2a including TH1, TH2 and TH3. Subgroups TH1 (n = 79) and TH2 (n = 30) were the two dominant groups in Thailand. TH1 included the first Thai PEDV strain that was published in 2008 along with the latest samples we found in 2015. In the endemic group 1 (TH1), there were 26 samples from 19 outbreaks with the 9 nucleotides insertion of CAA GGG AAT (TH-S-INS) when aligned with the reference sequence (NC_003436; position 688th--689th) which caused the amino acid changed from N to T (229 of the reference) and insertion of REY at the site between 229th--230th. TH3 only contained one sample in 2011 which might be a new introduction of the virus or the recombinant one. However, the sequence seems to be a recombinant one because it shares 97% identity with some sequences in both G1 and G2 group when blasting with nucleotide BLAST.Fig. 1The phylogenetic tree based on complete spike gene of Thai PEDV sequences along with reference sequences ([@bb0090]). PEDV are evolved into two genogroups including G1 and G2. G1 and G2 are each further divided into two sub-groups including G1a, G1b, G2a and G2b. TH1--TH6 represent Thai PEDV subgroups of the samples collected during 2008 to 2015. Numbers above branches denote posterior probability values.Fig. 1

Subgroups TH4 and TH6 were in genogroup G2b. TH4 was applied for CBR1 and CBR2 (KR610993 and KR610994) sequences in July 2014, these sequences belong to G2b and very close to Vietnam sequences (99% identity) in 2013, so we can conclude them as a new introduction of the exotic strains. TH6 is the latest subgroup which contained the new introduction of the exotic strain (P1915-NPF-071511A) in 2015 that belong to G2b or US-like subgroup.

Subgroup TH5 was in genogroup G1a. TH5 belongs to the latter group of samples in October 2014, EAS1 and EAS2 (KR610991 and 610992) which the first group of strain that belong to G1 clade that we found in Thailand. The Thai PEDV in this genogroup were genetically distinct from PEDV strains recently emerged in European countries. These strains were close to the vaccine strain so we did isolation the virus vaccine using in the farms experienced to the outbreak of the strain, and including of an AVCT12, both the attenuated strains are assigned into THX subgroup in this study.

Nucleotide and amino acid sequences of TH1--6 represent sequences and nearest identity to each subgroup are provided in [Fig. S3](#ec0005){ref-type="supplementary-material"}, [Fig. S4](#ec0010){ref-type="supplementary-material"} in Supplementary materials.

3.2. Evolutionary analysis {#s0060}
--------------------------

The evolutionary rates were calculated for 4 datasets of PEDV groups including overall (all field strains of Thailand; n = 115), endemic (predominant TH1 and Th2 subgroups; n = 109), TH1 (n = 79), and TH2 (n = 30). In general, the higher evolutionary rate is present in Thai PEDV strains than in the US sequences represent. In comparison among Thai strains, subgroup TH1 (predominant endemic subgroup) had higher rate of substitution than TH2 subgroup ([Fig. 2](#f0010){ref-type="fig"} ; [Table S3](#ec0030){ref-type="supplementary-material"}).Fig. 2Evolutionary rate comparison between overall (OA), endemic (EN), TH1 and TH2 of Thai dataset, and, US dataset. The results were show in substitution rate per site per year of strict (STR), uncorrelated relaxed logarithm (LOG) and exponential (EXP) prior clock.Fig. 2

The divergence times among Thai PEDV sequences were also estimated using BEAST exponential relaxed-clock method. All Thai PEDV sequences share a common ancestor that presented in year 1999, with 95% HPD interval of 1987--2004 ([Fig. 3](#f0015){ref-type="fig"} , [Table S3](#ec0030){ref-type="supplementary-material"}). The TH2 subgroup seems to evolve independently from all other samples. The emergence of TH2 common ancestor was estimated to be around year 2002 whereas the common ancestor of all other samples arose approximately in 2003. The TH1, TH3, and TH5 subgroups have a shared ancestor which presented around 2004. The TH1 subgroup emerged around 2005--2006 and the TH3/TH5 subgroups evolved later in 2007. The TH4 and TH6 subgroups descended from their common ancestor which emerged recently in 2012.Fig. 3Phylogenetic tree with time and their estimated divergences of PEDV in Thailand based on spike gene. Red, blue, yellow, aqua, purple and green colors were represented for TH1, TH2, TH3, TH4, TH5 and TH6, respectively. TH-S-INS labeled parenthesis located the sequences with the unique insertion. Node labels denote the time of estimated divergences whereas branch labels denote the posterior probability values.Fig. 3

3.3. Phylogeographic distribution {#s0065}
---------------------------------

Due to the ESS values, exponential molecular clock model was chosen to display the geographic distribution of PEDV in Thailand as shown in [Fig. 4](#f0020){ref-type="fig"} . Based on the phylogeographical analysis, there was geographic separation between PEDV stains in Thailand. TH2 subgroup was confined mainly in the western regions. In contrast, TH1 subgroup was found across Thailand, especially the northeast region of Thailand, and has become the dominant subgroup since 2014.Fig. 4Geographic distribution of TH1 (left panel), TH2 (center panel) and TH3--6 (right panel) estimated by the location and time of the outbreaks in Thailand during 2008--2015.Fig. 4

Since its emergence in 2007, PED has been endemic in the western region of Thailand including Ratchaburi and Nakhon Pathom provinces and sporadic outbreaks have been reported in the eastern region including Chonburi, Chanthaburi and ChaCherngsao provinces. However, farms in the eastern regions of Thailand experienced PED outbreaks in 2012--2013 and the sequencing results demonstrated the emergence of the TH1 group which could be responsible for the outbreak. The spread of the TH1 group to the northeast region could be due to the transportation of culled sows.

3.4. Recombinant analysis {#s0070}
-------------------------

A total of 22 recombination events based on spike, with known parents were detected from RDP4 sequence analysis as shown in [Fig. S1](#f0030){ref-type="graphic"} (left panel). Recombination rate plot ([Fig. S2](#f0035){ref-type="graphic"}) located 5 recombination sites (cutoff with \> 0.01 Rho/bp), position 1--117 (0.06131 Rho/bp), position 1048--1206 (0.05912 Rho/bp), position 2224--2266 (0.02536 Rho/bp), position 3070--3116 (0.01947 Rho/bp), and position 4102--4142 (0.06236). The recombination events and their patterns are show in [Fig. S1](#f0030){ref-type="graphic"} (right panel).

Recombination analysis results of PXX11-SBF-021102A obtained from RDP and CHIMERA are different. The RDP result showed that this sequence is the minor parent, and together with X45RWVCF071202A, they were recombined into SBPED0211-1 whereas the CHIMERA show that it is the recombinant sequence of X1356SRF121302A and SBPED0211-1. In the other hand, SBPED0211-1 has a highest potential evidence of recombination since it can be detected by RDP, GENECONV and BOOTSCAN, and SiScan. Recombination event 16 ([Fig. S1](#f0030){ref-type="graphic"}) were occurred in the same farm experienced with several outbreaks.

4. Discussion {#s0075}
=============

In this study, the genetic diversity and evolutionary dynamics of PEDV samples collected between 2008 and 2015 in Thailand were investigated. Based on the phylogenetic analysis of complete spike gene, several important findings involving the genetic evolution of PEDV in Thailand were unveiled. The findings included the multiple introductions of genetically distinct PEDV variants influencing the development of Thai PEDV strains. Thai endemic PEDV strains forming clades separated from other countries and undergoing high mutation rate. One mechanism involving in the high mutation rate was the recombination.

The multiple introduction included the presence of PEDV in G1a and G2b subclades. The introduction of G1a variant in Thailand was not surprised. A previous study demonstrated that those PEDV stains in G1a group were vaccine-like stains ([@bb0030]). The emergence of PEDV variants in this group was due to the heavy use of modified live PEDV vaccines, both modified live (MLV) and killed virus (KV) vaccines during 2013--2014. At present, the use of MLV and KV in Thailand drastically decreased compared to 2013--2014. This was due to the efficacy of intramuscular vaccines in which provided a limited degree of success against PED. In addition, MLV was reported to cause PEDV outbreaks with mild clinical disease ([@bb0030]). The emergence of a US-like variant as shown in G2b group (TH6), was indeed intriguing and this is the first report showing the emergence of US-like PEDV in Thailand. TH6 is the latest subgroup in which contained the new introduction of the exotic PEDV strain (P1915-NPF-071511A) in 2015 that belong to G2b or US-like subgroup. This sequence share 100% similarity with NIG-1/JPN/2014, GNM-2/JPN/2014, MIE-1/JPN/2014, PC21A, KUIDL-PED-2014-002, KUIDL-PED-2014-007, USA/Ohio75/2013, USA/Ohio69/2013, USA/Ohio60/2013, and USA/Indiana/17846/2013, suggesting the first US-like strain in Thailand. However, the abilities of this strain to develop into the endemic strain in the Thai swine industry was still questionable and further investigation is required to monitor the development of these exotic strains.

Whether or not multiple introduction influences the strain development of Thai PEDV in the study was not known. However, although multiple introduction was evident, those strains were yet to form their own clusters. In contrast, Thai PEDV developed its own cluster separated from other countries. PEDV variants that has been dominant in Thai swine farms are strains in G2a group and can be further divided into 2 subgroups including TH1 and TH2. We found that Thailand strains are unique and underwent mutation and recombination with some other strains which resulted in pandemic outbreak between 2014 and 2015. We identified the sequence insertion which is unique only in Thailand strains (TH-S-INS) and was mainly detected in TH1 subgroup particularly the samples in the outbreaks between 2014 and 2015. This insertion was also detected in 2 samples of TH2 subgroup which was sampled in 2014 and no sample that belong to subgroup TH2 was detected in 2015. These suggested that the strains in TH1 might underwent positive selection pressure somehow and some of them experienced an insertion mutation event as described in the result. The first sample which containing this insertion of TH2 was P1414-SPF-071403A, and, was collected in July 2014 whereas another 27 samples from 8 outbreaks which collected at the same month are TH1. P1314-VCF-071401A is the represent sequence of the samples that containing this insertion of TH1 at 99% identity.

According to the evolutionary rate analysis, we found that the overall group of Thailand sequences (TH1--6; n = 115) evolved with relatively greater substitution rate compared to the US sequences when estimating under lognormal and exponential relaxed clock models. The US sequences showed higher substitution rate under the strict clock model; however, this rate was less than that of Thailand endemic group (TH1--2; 109). TH1 subgroup showed distinctly higher evolutionary rate than other analyzed groups. Its substitution rate was over than two fold compared to the endemic or TH2 group and was over than 5 fold compared to the US group as determined by uncorrelated relaxed-clock models. This event may suggests that there is any positive pressure on this subgroup.

Besides influenced by the multiple introduction, the relatively greater evolutionary rate of Thai PEDV was partially due to recombination as supported by the results of the recombination analysis. In comparison between TH1 and the TH2 groups, TH1 is more in population parted in the events whereas TH2 is more in number of recombination evidences. These results may explain that TH1 recombinants were chosen to be the subgroup that suitable to cause an outbreaks whereas TH2 is keep undergoing recombination but not usually cause an outbreaks. TH2 might be the predominant group which could adapt to survive and persist in the host without triggering symptom development, therefore some were not included in the study. On the other hand, TH2 might not be preferred for proliferation in the host. However, we did not perform active surveillance to take the samples from subclinical herds so we could not make a final conclusion. For TH3, we did further analysis with the dataset that using in phylogenetic analysis, and, there is possible that PXX11-SBF-021102A is the recombinant of NPPED2008 (KC764952) and Chinju99 (AV167585) of G2 and G1 genogroup as major and minor parents, respectively. This information supported why TH3 subgroup is locate between genogroup 1 and 2 ([Fig. 1](#f0005){ref-type="fig"}), and, very close and share the same estimated divergence to TH5 subgroup ([Fig. 3](#f0015){ref-type="fig"}). The results of geographic distribution show that the western part of Thailand (mainly in Ratchaburi) is the endemic area of most strains, however, TH2 seem to be limited in these area whereas TH1 is spreading from west-central-east of Thailand. Another new introductions (TH3--6) were denoted by the pinpoint since they could not performed analysis. These results together with previous described suggested that TH1 is becoming the predominant subgroup which endemic in Thailand since 2014.

5. Conclusion {#s0080}
=============

Thai PEDV was genetically diverse and the genetic development has been influenced by the multiple introduction of exotic strains. Such introductions were not developed into epidemic stage. In contrast, Thai PEDV strains developed their own subgroups separated from other countries and underwent relatively higher evolutionary than the US sequences. There was an evidence of intra-recombination between sub-groups that can be one factor to accelerate the evolutionary rate of Thai PEDV. Samples in the sub-group with high evolutionary rate become dominant causing not only geographic separation, but also influence the development of other subgroup as the unique insertion could be found in both TH1 and TH2 whereas the identity between subgroup is \> 97%. We did provided the information of P1314-VCF-071401A, P1414-SPF-071403A, PXX11-SBF-021102A, P1915-NPF-071511A and PXX08-SPF-020801A on GenBank® as following accession number: KX981897, KX981898, KX981899, KX981900 and KY000559, respectively. PXX08-SPF-020801A was the first strain in TH2 genogroup found in 2008.
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Fig. S1Recombination events with name of isolation parted in major and minor parents, and, their recombinants (left panel). And their recombination in this study provided with the ladder between 1st--4188th position (right panel).Fig. S1 Fig. S2Recombination rate plot provided with Rho/bp values, the number inside red box present the position in alignment that related with the plot.Fig. S2 Fig. S3Nucleotide sequences of TH1--6 represent sequences and their most closely related strain.Fig. S3 Fig. S4Amino acids sequences of TH1--6 represent sequences and their most closely related strain.Fig. S4 Fig. S5The phylogenetic tree conducted neighbor-joining using Tamura-Nei parameter, pairwise deletion, and, 1000 bootstraps. Grey colored label the strains that closest to each TH1--6 represent sequences.Fig. S5 Table S1Sequences using in this study for phylogenetic analysis provided with country, strain name, accession number and their genogroup in this study compare with other study.Table S1 Table S2Sequences of US samples using to compare their evolutionary analysis with Thai sequences in this study.Table S2 Table S3Evolutionary rate of each dataset and clock model performed in this study.Table S3
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